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© We measure differences in child cognitive performance at 4 to 9 years of age between cesarean-born

and vaginally-born children (n = 3,666) participating in the Longitudinal Study of Australian Children
(LSAC). LSAC s a nationally representative birth cohort surveyed biennially. Using multivariate
regression, we control for a large range of confounders related to perinatal risk factors and the socio-
economic advantage associated with cesarean-born children. Across several measures, we find that
cesarean-born children perform significantly below vaginally-born children, by up to a tenth of a
standard deviation in national numeracy test scores at age 8-9. Estimates from a low-risk sub-sample
and lower-bound analysis suggest that the relation is not spuriously related to unobserved confounding.
Lower rates of breastfeeding and adverse child and maternal health outcomes that are associated
with cesarean birth are found to explain less than a third of the cognitive gap, which points to the
importance of other mechanisms such as disturbed gut microbiota. The findings underline the need for
a precautionary approach in responding to requests for a planned cesarean when there are no apparent
elevated risks from vaginal birth.

Cesarean sections can save lives, but rates well above the World Health Organization’s recommended 15% ceiling
in most developed countries suggest that many procedures are unnecessary'. In the OECD, the rate of caesarean
section has increased from 14.4% of deliveries in 1990 to 25.8% in 20092, growth that cannot be explained by
increases in obstetric risk factors, including those associated with delayed and multiple infant pregnancy and
maternal obesity®™. Instead, this growth is believed to be related to increased maternal request and changes in
clinical practice’. A concern is that many procedures are made without considering possible long-run implica-
tions, such as reduced fertility®. In this study, we concentrate on examining possible long-term implications for
child cognitive development.

Cesarean birth may be directly and indirectly associated with negative child cognitive outcomes. The indi-
rect association may occur through established links between cesarean birth and adverse child health outcomes,
including asthma, type I diabetes, allergies’~!! and obesity’* that are also associated with impaired functioning
and lower academic performance'> . The surgical nature of cesarean procedures also poses postnatal maternal
health risks'®, with potential knock-on effects for the child’s development through altered mother-child interac-
tions'® and lower rates of breastfeeding'”~*°.

The direct association may occur through alterations to the infant’s gut microbiota. Unlike vaginally-born
children whose gut is seeded by passing through the birth canal, the gut of cesarean-born children is seeded
through contact with the mother’s skin and hospital surfaces. The result is long-term compositional differences in
gut microbiota by mode of birth?-?, with differences observed up until age seven®*. Recently uncovered chem-
ical signaling from the gut microbiota to the central nervous system, affecting memory, motivation, mood and
stress reactivity, raises questions about the long-term cognitive effects of disturbed microbiota composition at
a sensitive time in brain development®2°. Although causal impacts on child development are yet to be proven,
altered signaling from disturbed gut microbiota is thought to be a possible driver of higher rates of cognitive dis-
orders, especially autism spectrum disorder (ASD) and attention deficit hyperactivity disorder (ADHD), among
cesarean-born children (see Curran et al.”’ for a review). In animal studies, there is mounting (and replicated)
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evidence of long-term cognitive impacts from early microbiota disturbance. These studies show that rodents
lacking all gut bacteria from birth (germ-free animals) have memory deficits?® and behavioral abnormalities®* 3
when compared to animals with normal gut microbiota. Interestingly, these cognitive deficits in rodents can be
corrected through the colonization of the intestine via a fecal transplant from the control group, but only if it
occurs early in life. The implication is that there is a critical window to correct any disruption to the gut microbi-
ota, after which cognitive impacts are permanent®.

In this study, we estimate the relation between cesarean birth and child cognitive outcomes using data from the
Longitudinal Study of Australian Children (LSAC), a nationally representative birth cohort surveyed biennially,
and multivariate regression techniques. To the best of our knowledge, only Bentley et al.*' has examined the rela-
tion between cesarean birth and cognitive outcomes. Using Australian hospital records linked to teacher-based
assessments in the first year of school, they found a significant negative association across several developmental
domains. We build on this study and that of previous health studies in several ways. First, we build on the work
of Bentley ef al.*! by using mediation analysis to test to what extent any relation is associated with lower rates of
breastfeeding and adverse child and maternal health outcomes. This is important because it helps to identify the
importance of direct effects, such as those related to disturbed gut microbiota and helps identify how widespread
any effects may be within the population. Second, LSAC contains rich longitudinal cognitive test information that
enables us to gain an insight into longer-term outcomes that are closely related to early academic achievement,
an important predictor of lifellong earnings and health. These include academic test results that measure: school
readiness at 4-5, vocabulary and comprehension at 4-5, 6-7 and 8-9 years, problem solving at 6-7 and 8-9 years
and national achievement in numeracy and literacy at 8-9 years. Third, we more rigorously test the sensitivity of
any relation to bias from confounding variables not observed in the data or ‘selection on unobserved covariates’
We do this using two methods — re-estimating on a sub-sample where selection on unobserved covariates is
likely to be less of an issue (privately insured births without any observed perinatal risk factors) and by estimating
lower-bound estimates under conservative assumptions about the magnitude of selection on unobserved covar-
iates using the Oster® technique. This helps to provide some guidance on whether estimated relation is plausibly
causal.

Methods

Data. LSACisan internationally recognized and widely-used longitudinal cohort survey of child health and
development® 3. There are multiple cohorts of LSAC that are designed for examining specific development peri-
ods. In this study, we use the LSAC ‘B cohort, which has an initial sample of around 5,100 infants born between
March 2003 to February 2004, drawn randomly from all registered national births at the time. The initial survey,
conducted between 6 months and a year after birth, contains rich perinatal information about the mother and
study child along with detailed information on the parents’ background and current life circumstances. From the
initial survey, children and their primary care giver are surveyed biennially. At the time of analysis, data were only
available up until wave 5 (2014) of the survey when the children are 8-9.

Of the initial 5,100 LSAC participants, we omit around 1,300 from the sample because of missing information
by wave 5, due mainly to survey attrition. To examine the potential impact of attrition, for two measures that are
observed in wave 3 (Peabody Picture Vocabulary and Who Am I?), we compare relations estimated using the full
sample available at wave 3 and relations estimated at wave 3 on a restricted sample that remain in the survey until
wave 5 (n=3,666). Using a two-sample t-test, we find no evidence that results estimated results at wave 3 are
different for the full and restricted samples (x> = 0.54, p-value = 0.46 and x*= 1.64, p-value = 0.20 respectively).
The implication is that non-random attrition does not appear to be seriously biasing our results.

Whether participants in LSAC are cesarean born is identified in the initial survey by the primary care giver’s
response to the question, “was...the type of birth/ delivery method a cesarean?” In our sample, approximately
30% of primary care givers report that their children were cesarean-born (between March 2003 and February
2004). To the extent that there is a stigma associated with elective procedures, a potential concern is that the rate
of cesarean birth may be under-reported in LSAC (social desirability bias). However, this is not borne out in
national statistics from hospital records that show comparable rates of cesarean birth — 28% and 30% for 2003
and 2004 respectively*> . Compared to other OECD countries, Australia’s rate is similar to that of the United
States and Germany, but lower than in Italy (38%) and Brazil (54%) and higher than Finland, Norway and Sweden
(around 17%)%.

Data availability. No data were specifically collected for this project. The data used was previously col-
lected by the Australian Institute of Family Studies (AIFS) and was conducted in full accordance with all relevant
guidelines and regulations as spelt out in the AIFS Ethics Committee approval. This includes obtaining consent
for survey participation and use of anonymized information for research purposes, as approved by AIFS. AIFS
provided anonymized data for this project under an individual license agreement. In the analysis and in preparing
the manuscript, we have adhered to all requirements under the license agreement. Data can be made available
upon request to the corresponding author, subject to approval from AIFS.

Outcomes.  Measures of cognitive development. There are two types of cognitive development measures in
LSAC. The first are scores from three interviewer-administered tests conducted between ages 4 and 9 that are part
of the LSAC survey and the second are scores from a national standardized test in numeracy and literacy at age
8-9 that are matched to LSAC participants. All cognitive measures are age-normalized and standardized with
respect to the weighted sample mean and standard deviation (descriptive statistics in Table 1 are age normalized,
but unstandardized).

The interviewer-administered cognitive tests from LSAC B are the Peabody Picture Vocabulary Test (PPVT)%;
Who Am I? (WAI)* and the Matrix Reasoning test (MR)*’. The PPVT is an age appropriate vocabulary test
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Dependent variables®

Survey-based measures

School preparedness (WAI), 4-5 65.3 59 65.8 6.0 [0.112]
Vocabulary (PPVT), 4-5 65.4 8.8 65.3 8.4 [0.784]
Vocabulary (PPVT), 6-7 74.8 5.1 74.5 5.0 [0.134]
Vocabulary (PPVT), 8-9 79.5 4.6 79.3 4.9 [0.143]
Problem solving (MR), 6-7 10.8 3.1 10.8 3.0 [0.601]
Problem solving (MR), 8-9 10.5 2.9 10.6 3.0 [0.673]
Grade 3 NAPLAN

Numeracy 409.2 72.9 412.0 74.8 [0.359]
Reading 436.3 90.5 439.4 90.0 [0.395]
Writing 423.2 62.0 425.7 59.5 [0.313]
Spelling 4194 78.4 420.9 77.9 [0.641]
Grammar 438.8 96.9 441.6 91.9 [0.481]
Controls®

Family characteristics (socio-economic status (SES)) in year of birth

Maternal age at birth 31.752 4.810 30.438 5.159 [0.000]
Maternal age at birth squared 1031 307 953 313 [0.000]
Three or more older siblings 0.041 0.198 0.073 0.261 [0.000]
Female child 0.457 0.498 0.500 0.500 [0.019]
(ilsti‘;;afigeg‘;zlvzf)ﬁfg‘d‘“ a 0.046 0.210 0.071 0.257 [0.002]
Mother is single 0.051 0.220 0.068 0.252 [0.040]
;\:ft;h:rr is notlegally marriedto | ¢, 0397 | 0.769 0421 | [0.018]
Mother was employed 0.532 0.499 0.532 0.499 [0.969]
Mother’s highest qualification

High school diploma or below* 0.256 0.436 0.292 0.455 [0.022]
;;‘;ﬁ;‘ftiic‘;‘t‘;‘;;fd“aﬁ"n 0261 0439 | 0263 0441 | [0.889]
a%‘;g:ge (bachelor) degree or 0.483 0500 | 0.444 0497 [ [0.031]
Private health insurance 0.591 0.492 0.488 0.500 [0.000]
Perinatal risk factors (PN)

Low birthweight (<2.5kg) 0.066 0.248 0.034 0.181 [0.000]
IVF treatment used 0.085 0.279 0.052 0.222 [0.000]
Multiple births 0.064 0.245 0.017 0.128 [0.000]
gf:fofer)‘;“mfmme of child —0.262 L119 | -0.326 0871 | [0.090]
(L;};gg;;;gbaby when born 0.054 1382|0377 0988 | [0.000]
;:g‘;‘ig;;ssure medication during | 5 0.170 | 0.016 0.126 [0.020]
Igiag};'ﬁz;‘edi“ﬁ"“ during 0.021 0.144 | 0.006 0.076 | [0.001]
lf:;‘g“rzztcl; medication during 14 154 0311 | 0.098 0297 | [0.345]
Weeks of gestation 38.563 2.084 39.462 1.695 [0.000]
State of residence

New South Wales 0.279 0.449 0.320 0.466 [0.013]
o ‘rcrtl‘t’;;‘;a“d Australian Capital 1 5, 0450 | 0272 0445 | [0.553]
Western Australia 0.117 0.321 0.097 0.297 [0.091]
Queensland 0.212 0.409 0.200 0.400 [0.411]
South Australia 0.076 0.265 0.071 0.256 [0.588]
Northern Territory 0.009 0.096 0.018 0.132 [0.029]
Tasmania 0.026 0.159 0.022 0.148 [0.536]
Outside metropolitan areas 0.348 0.477 0.375 0.484 [0.121]

Table 1. Sample mean values for main control variables in LSAC B cohort. *The p-values are associated with
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a t-test for differences in mean values between cesarean and vaginally born children. *The descriptive results
above are age-normalised, but unstandardized to give the reader a fuller picture of the data. In the regression
analysis, all cognitive performance measures are age-normalised and standardised with respect to the weighted
sample mean and standard deviation. “All control variables are taken from wave 1 of the data (2004) when
children are 0-1 year of age. ‘Disadvantaged countries are those identified by the Australian Bureau of Statistics
Standard Australian Classification of Counties (2011), ABS cat. no. 1269.0. “High school diploma includes
vocational equivalent — International Standard Classification of Education (ISCED) 1997 level 3 C. ‘Vocational
education qualification is ISCED 1997 level 4B and 5 A. 8Z-scores are based on Centre for Disease Control and
Prevention (CDC) growth charts and are age and gender-adjusted.

designed to measure a child’s knowledge of the meaning of spoken words and their comprehension and ability to
respond. The test was carried out in survey when the children were aged 4-5, 6-7 and 8-9. WAI is an assessment
of the child’s readiness for school and measures the child’s ability to perform a range of tasks, such as reading,
writing, copying, and symbol recognition. WAI was only carried out when the children were 4-5. Finally, MR is
a test of problem solving ability, based on the Wechsler Intelligence Scale for Children. The test is age appropriate
and was conducted when the children were aged 6-7 and 8-9.

The national standardized tests are from the National Assessment Program for Literacy and Numeracy
(NAPLAN). NAPLAN is conducted in all Australian schools to measure performance in numeracy and literacy
at grades 3, 5,7 and 9, corresponding to ages 8-9, 10-11, 12-13 and 14-15. In the case of literacy, performance is
measured over the domains of reading, writing, grammar and spelling. Each student’s performance in NAPLAN,
including their national ranking compared to similar-age students, is made available to schools and students
to monitor performance. At the time of analysis, only NAPLAN data for grade 3 was available for the LSAC B
cohort. For students who were not in grade 3 at the time of testing, usually because they commenced school at
a later age than the rest of the cohort, we imputed their values. The imputation process involved two steps. The
first step involved using the sample with observed grade 3 NAPLAN scores to estimate regression model relations
between grade 3 NAPLAN scores and personal information (such as other interviewer-administered cognitive
tests). In the second step, we use results from the first step to generate predicted NAPLAN values for those with
missing scores, that is, we apply the estimated regression model relations to the personal characteristics of those
with missing NAPLAN scores*!. Imputing these values instead of omitting them makes little difference to our
analysis (see Table S1 of the online supporting material).

Mediators. In this study we measure the extent to which any relation between cesarean birth and cognitive
development is mediated by lower rates of breastfeeding and adverse child and maternal health outcomes. We
selected these variables because they have been previously associated with cesarean birth and are available in the
data®'°. Adverse child health outcomes include measures of obesity and care giver reported diagnosis of asthma,
ADD or ASD. While measures of asthma and obesity are available at the time of cognitive testing, measures for
ADD and ASD are only available at ages 6-7 and 8-9 years. Because only around two-thirds of care givers answer
questions related to ADD and ASD at age 6-7, we use information at age 8-9 years when the response rate is
much higher. Obesity is measured by whether the child’s Body Mass Index (BMI) is above the upper-limit of nor-
mal range of 19.3 for those 4-7 years and 23 for 8-9 years. Breastfeeding and maternal health measures are from
the initial sample (6-12 months after birth). Breastfeeding is a binary measure of whether the child was breastfed
at three months or not. Two self-reported postnatal maternal health measures were used: whether any depressive
symptoms were experienced in the last 4 weeks (score of below 3 on a 6-point Kessler scale) and whether general
health was reported as fair to poor (4 or 5 on a 5-point scale, where 1 is excellent health).

Controls. The analysis includes over 20 confounders grouped into two main categories (Table 1): those related
to perinatal risk factors and those related to the socio-economic advantage associated with cesarean-born chil-
dren in Australia. Perinatal risk factors include the taking of medication during pregnancy for blood pressure or
diabetes (proxies for pre-eclampsia and gestational diabetes respectively), the taking of antibiotic medication (a
proxy for bacterial infection, which may also affect the development of the infant’s gut microbiome); a dummy
variable for low birth weight (coded 1 if less than 2.5kg; 0 otherwise); weeks of gestation; maternal age at birth;
dummy variable for multiple infant pregnancy; length and head circumference of baby (z-scores); dummy vari-
able for whether the baby was conceived using IVF treatment and a gender dummy. We include taking antibiotic
medication as a control because it has been associated with changes to the infant’s gut microbiome** and possibly
the risk of cesarean birth, which means failure to control for it will lead to bias due to unobserved confounding.
However, we stress that our results are not sensitive to the inclusion of this control, or other child and maternal
health risks in the data (refer to results for the ‘low-risk privately insured” group in Table 2). Length and head
circumference z-scores are based on Centre for Disease Control and Prevention (CDC) growth charts and are age
and gender-adjusted. We also estimated a model with an alternative treatment of low birth weight (below 1.5kg)
and a model on a sub-sample of births with gestational ages of 37-40 weeks using binary dummy variable controls
for each gestational week (excluding the reference category of 40 weeks). Results for these alternative models are
much the same as those reported in Table 2 (available upon request from the corresponding author).

Postnatal interventions such as the use of a ventilator and the use of intensive care were not included as con-
trols because they may be considered an outcome of delivery mode. We also refrain from including prenatal risk
factors available in the data that have a high rate of missing observations. These include an identifier for whether
the mother is a regular smoker, maternal average consumption of more than two standard drinks a day and
maternal body mass index outside of normal range (18.5 to 25). Excluding postnatal interventions and prenatal
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risk factors with high rates of missing observations makes little difference to the results (see Table S2 of the online
supporting material for model results with these factors included as additional controls).

In general, descriptive statistics of the control variables presented in Table 1 show that cesarean birth is asso-
ciated with higher perinatal risk factors and a socio-economic advantage, especially higher maternal education,
fewer older siblings, lower rates of un-partnered birth and higher rates of private health insurance. Despite
Australia’s universally available free public health system, many high income earners in Australia choose to hold
private health insurance for two reasons. First, it provides a greater coverage of medical treatments, especially
for allied health services; and second, it enables them to circumvent the payment of an income-contingent levy
that to help meet the cost of the public health system. Important in the context of this study, maternal requested
cesarean birth (without any medical risk factors) is not covered by the public health system. While mothers with-
out private health insurance can still elect for cesarean birth in a public hospital, this is uncommon because they
would incur all medical costs. It is much more common for elective cesareans to occur in private hospitals under
the cover of private health insurance. This explains the 11 percentage point higher rate of private health insurance
among cesarean born children than among vaginally born children.

Statistical method. In our main analysis, we use OLS multivariate regression models for each of the cog-
nitive measures to estimate the relation between cesarean birth and cognitive development. These models are of
the following form:

Y; =% + nCS; + SESy, + PNy + 1

where CS; equals one if child i was cesarean-born, 0 otherwise, SES; and PN; are vectors of family socio-economic
status and perinatal characteristics respectively (from Table 1) and v; is an error term.

To try and explain the importance of possible channels, we measure the extent to which +,is mediated by lower
rates of breastfeeding and adverse child and maternal health outcomes in the data. Mediating effects are estimated
using the product of the coefficients method*.

Identification of the main parameter of interest, ; in equation (1) and the mediating effects is complicated by
potential unobserved confounding, which means that 7, may be biased by correlation between CS; and v;. The
main potential sources of unobserved confounding may be missing controls for perinatal risk factors (such as
oxygen deprivation during birth) and socio-economic advantage (such as greater household income) associated
with cesarean-born children. The presence of the former will lead to an over-estimate of any true negative relation
between cesarean birth and cognitive development; whereas the presence of the latter will lead to an
under-estimate of any negative relation.

Without the possibility for randomization, a common approach for dealing with this form of bias is instru-
mental variables. This method relies on the presence of factors in the data that affect cognitive development
only through altering the chances of cesarean birth. We are unaware of any strong candidates in our data and we
instead concentrate on testing the sensitivity of our results to bias from the presence of selection on unobserved
covariates. These are discussed in detail below.

Sensitivity to unobserved perinatal confounders. 'We use two approaches to test the sensitivity of our OLS esti-
mates to bias from unobserved perinatal covariates. First, we re-estimate OLS relations (using equation (1)) on
a sub-sample of 2,140 births that are free of any observed health risk that may lead to cesarean birth and that are
privately insured; termed, ‘low-risk privately insured’ group. The idea is that by restricting the sample to those that
are more similar on observed covariates, we are reducing bias by also restricting differences in unobserved covar-
iates. The ‘Low-risk privately insured’ sub-sample are those that are not low birth weight (above 2,500 grams),
full-term (38-40 week gestation), singleton, conceived without IVE, whose mother took no blood pressure or
diabetes medication during pregnancy and whose parents were privately insured in the year of birth. These mod-
els include all other covariates included in the full sample. We omitted those without private health insurance
because they are more likely than those with private insurance to have a cesarean performed for medical reasons.

In the second approach, we use the Oster** method, which like approaches proposed by Rosenbaum** and
Altonji**, bounds the relation under assumptions about selection on unobserved covariates (see Nghiema,
Nguyen, Khanam and Connelly*® and Hanushek, Schwerdt, Woessmann and Zhang* for recent applications of
the Oster method). Under the Oster method, we estimate the lower bound of the OLS relation between cesarean
birth and measures of child cognitive development using the following:

Nl,lower = f(/-\{l - VMw R2 - Rlzl’ anax - RZ’ 6) (2)

Variables ~,,, and R2 are results from the ‘uncontrolled’ model, which is equation (1) estimated without peri-
natal and socio-economic controls; R _is theoretical maximum R-squared, or the maximum proportion of
variation in the outcome variable that can be explained by the model; and & is the coefficient of proportionality, or
the ratio of selection on unobserved covariates to selection on observed covariates:

_cov(Wy, CS)  var(Wp)

cov(W,, CS) ' var(WU)’ 3)

where Wy, W, are vectors of linear combinations of observed and unobserved covariates weighted by their true
i 0.0 U_U : : _ .

coefficients (or Wy, = Z}o: w7y and Wy, = E;‘L w; ;) Following Oster conventions, we set = 1, or estimate

1 lower Under the conservative assumption that selection on unobserved covariates is equal to selection on
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NAPLAN at 8-9
Reading —0.076%* (0.033) —0.051 (0.059) —0.067
Writing —0.060%* (0.031) —0.131%% (0.053) —0.055
Spelling —0.043 (0.033) —0.132%% (0.060) —0.033
Grammar —0.055* (0.033) —0.097 (0.061) —0.042
Numeracy —0.095%:#* (0.034) —0.135%* (0.060) —0.09
LSAC survey administered measures

ii};‘”l readiness | _ o) (0.035) —0.127%% (0.061) —0.014
Vocabulary 4-5 —0.087%% (0.035) —0.127%* (0.057) —0.092
Vocabulary 6-7 —0.05 (0.037) —0.097 (0.064) —0.056
Vocabulary 8-9 —0.047 (0.037) —0.058 (0.067) —0.054
gf;’blem solving —0.036 (0.117) —0.052 (0.071) —0.000
8P - gblem solving |4 pgo (0.039) —0.077 (0.069) —0.068

Table 2. OLS regression estimates and Oster lower-bound estimates of the relations between cesarean birth
and child cognitive (standard deviations). ***p-value < 0.01; **p-value < 0.05; *p-value < 0.1. SE, standard
error. Results are estimated with adjustments for confounders related to family socio-economic and perinatal
risk factors. *Low-risk privately insured births are those that are not low birth weight (at least 2.5kg), full-term
(38-40 weeks), singleton, conceived without IVF and without medication taken for blood pressure or diabetes
during pregnancy and whose parents were privately insured in the year of birth. *The Oster coefficient lower-
bound is the estimated coefficient when adjustment in the coefficient due to selection on unobserved covariates
is equal to adjustment due to selection on observable covariates.

observed covariates and set RZ = 1.3R% Setting RZ = 1.3R* contrasts with the closely related Altonji*®
method that assigns RZ | = 1. Oster’* argues that assuming a value of 1 is unreasonable in the presence of meas-
urement error. Under equation (2), the higher the proportion of variation in the outcome variable explained by
the model (R?), the smaller the discrepancy in the estimates of y, and VLlower-

For any estimated negative relation between cesarean birth and cognitive development, the larger the discrep-

ancy between estimates of v, | ... and v, the more unreliable v, as an estimate of the true relation.

Results

The estimated OLS relations between cesarean birth and child cognitive outcomes (equation (1)) for all births
in our sample (n=3,666) are reported in Table 2. The estimated coeflicients for the control variables in this
model can be found in Tables S3a and S3b of online supporting material. Generally speaking, the signs of these
control variable coefficients are as expected, with the largest effects associated with maternal socio-economic
factors. Specifically, we find that child cognitive outcomes are positively associated with mothers that are college
educated (3-year bachelor degree), who give birth at an older age, who are partnered, who have private health
insurance, are employed and have fewer previous births. The estimated coeflicients of perinatal risk factors are
generally insignificant or smaller and of mixed sign. Specifically, we find that taking blood pressure medication
during pregnancy is associated with significant lower cognitive outcomes, while greater head circumference and
body length is associated with positive cognitive outcomes. Consistent with previous studies, we find evidence,
albeit only for select child cognitive outcomes, of a positive association with gestational age®"*® and a negative
association with low body weight (less than 2.5kg)*. For the former, the association is only significant for school
readiness at 4-5 and for the latter; the association is only significant for school readiness at 4-5, vocabulary at
4-5 years and vocabulary at 6-7 years. In alternative models estimated on 37-40 week births with individual
gestational week dummy variables, we find few significant differences in outcomes between 37, 38 and 39 weeks
relative to the reference case of 40 weeks for any of the outcomes.

Turning to estimates in Table 2, we observe significant negative relations between cesarean birth and measures
of child cognitive development, up to a tenth of a standard deviation. The magnitude of the relations is similar
across all measures, but only those with (NAPLAN) grammar, numeracy, reading, and writing at age 8-9, prob-
lem solving (MR) and vocabulary (PPVT) at age 4-5 are statistically significant at the 0.1 level or higher. To put
the size of these relations into perspective, a tenth of a standard deviation is similar in magnitude to the estimated
relation between gender and reading in NAPLAN at age 8-9 (reported in Table S5a) and effects estimated from
improving teacher quality by one standard deviation and reducing average grade 3 class sizes by ten™.

Results from the first stage of our mediating analysis suggest that cesarean birth is significantly associated
with lower rates of breastfeeding and higher rates of obesity and ADD (see Table S4 of online supporting mate-
rial). Second stage results show that breastfeeding is significantly associated with higher cognitive performance,
whereas ADD, ASD and obesity are significantly associated with lower levels of cognitive performance. Poor

SCIENTIFICREPORTS |7: 11483 | DOI:10.1038/s41598-017-10831-y 6


http://S3a
http://S3b
http://S5a
http://S4

www.nature.com/scientificreports/

Poor maternal Poor maternal

Outcomes at 25 Breastfeeding® | Obesity® | ADD¢ | Asthma® | ASD® physical health! | mental health?
NAPLAN, 8-9

0.007%* 0.006** 0.006* 0.000 0.005 0.001 0.000
Numeracy

(0.003) (0.003) (0.003) | (0.000) (0.003) | (0.001) (0.000)

0.006%* 0.005%* 0.007* 0.000 0.005 0.001 0.000
Grammar

(0.003) (0.002) (0.004) | (0.000) (0.004) | (0.001) (0.000)

0.008%* 0.005%* 0.006* 0.000 0.005 0.000 0.000
Reading

(0.003) (0.002) (0.003) | (0.000) (0.003) | (0.001) (0.000)

0.003 0.002 0.008* 0.000 0.007 0.000 0.000
Writing

(0.002) (0.002) (0.005) | (0.000) (0.005) | (0.001) (0.000)
Survey-based cognitive measures

0.006** 0.001 0.002 0.000 0.003 0.002 0.000
Vocabulary (PPVT), 4-5¢

(0.003) (0.002) (0.002) | (0.001) (0.002) | (0.002) (0.001)

0.004* 0.005% 0.004* 0.000 0.002 0.001 0.000
Problem solving (MR), 8-9

(0.002) (0.003) (0.002) | (0.000) (0.002) | (0.002) (0.000)

Table 3. Mediating effects of breastfeeding and adverse child and maternal health outcomes on cognitive
development. ***p-value < 0.01; **p-value < 0.05; *p-value < 0.1. Standard errors are in parentheses. Results
are estimated with adjustments for all confounders related to family socio-economic and perinatal risk factors.
“Breastfeeding is a binary measure of whether the mother report breastfeeding at 3 months after birth. "Obesity
is measured each year of the sample. A child is identified as obese using a binary measure of whether the child’s
Body Mass Index is above the normal range at the time of cognitive testing (19.3 for those age 4-5 and 23 for
8-9). “Asthma, attention deficit disorder (ADD) and autism spectrum disorder (ASD) are binary measures
based on maternal reports of diagnosis. Diagnosis of ADD and ASD is only asked at age 8-9, whereas the
diagnosis of asthma is asked each year. For asthma, we use information from the time of cognitive testing.
4Poor maternal health is self-reporting of fair or poor general health (4 or 5 on a 5-point scale of general
health) and maternal mental health is ever experienced depressive symptoms in the last 4 weeks (a score

below 3 on a Kessler 6-point scale of mental health). For the outcome of Vocabulary at age 4-5, there is no
information on ADD and ASD at the time of testing because these conditions are typically not diagnosed until
later. Information on diagnosis of ADD and ASD at 8-9 may still be a valid measure of the presence of these
conditions at 4-5.

maternal general health is significantly associated with lower vocabulary at 4-5 years, but otherwise maternal
health is not significantly linked to any of the cognitive measures.

Combining these results, breastfeeding, obesity and ADD are found to significantly mediate the relation
between cesarean birth and child cognitive outcomes, although the effects size and significance vary (Table 3).
Individually, the largest mediating effect is through reduced chances of breastfeeding, which explains 0.008 per-
centage points out of the 0.076 percentage point difference (or around 11%) of the gap in grade 3 NAPLAN writ-
ing scores. The total mediating effect, generated from regressions when all of the mediators are included together,
account for between 25% for reading (p=0.052) and 29% for numeracy (p = 0.021) of the estimated difference in
cognitive outcomes by delivery mode. This still leaves at least 70% of the relations unexplained by these mediators.

Sensitivity test results. The estimated relations using the low-risk privately insured sample are generally
larger than those estimated using the entire sample. A possible explanation is that by limiting the sample to
privately-insured births we are reducing the unobserved confounding from the socio-economic advantage asso-
ciated with cesarean-born children, which in the main analysis under-states the true effects of cesarean birth.

The Oster coefficients in Table 2 represent the possible lower-bound of any relation between cesarean birth
and cognitive development measures under the conservative assumption that selection on unobserved covari-
ates is the same as selection on observed covariates. An alternative interpretation is that the Oster parameter is
the magnitude of the relation if adjustment from unobserved covariates is the same as adjustment from observed
covariates in the model. With the exception of school readiness at 4-5 years and problem solving at 6-7 years, the
Oster coefficients are much the same as the OLS regression coefficients estimated on the entire sample. Results
of these sensitivity tests suggest that the estimated OLS relations are unlikely to be entirely driven by bias from
unobserved confounding.

Discussion

We find a negative relation between cesarean birth and a range of cognitive outcomes measured from ages 4 to 9.
These relations are established after controlling for the socio-economic advantage associated with cesarean birth
in Australia and a rich set of perinatal risk factors that (from meta-analyses)® '""*” are commonly used in child
health studies. Our results are consistent with results from the only previous study that we are aware of by Bentley
et al.*!, which found cesarean-born children had a 14% higher risk of being identified as being developmentally
high risk at school starting age. While the magnitude of our estimated difference in outcomes is not large, up to
a tenth of a standard deviation in national test scores in numeracy, they are large enough to warrant action. A
tenth of a standard deviation in national test scores is comparable in size to differences related to gender, class
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size and teacher quality that are the focus of policy effort. Importantly, much of the estimated relations (around
70%) are found to be unrelated to lower rates of breastfeeding and adverse child and maternal health, including
the diagnosis of child cognitive disorders.

We make two important contributions to the Bentley et al.>! study. First, our sensitivity analysis suggests that
bias from unobserved confounding is unlikely to explain the results completely and that causal relations are plau-
sible. This does not mean that we have established causal relations because bias from unobserved confounding is
still possible. Potential perinatal risks not controlled for include inheritable genetic traits, such as a lack of mater-
nal height, that may drive both cesarean birth (due to a relatively small pelvis (cephalopelvic disproportion))?!
and child cognitive outcomes®?. Second, our estimated relations persist long-term and are not confined to chil-
dren with health problems. Bentley et al.’! used perinatal records linked to school starting-age measures of cog-
nition and could not examine longer-term outcomes or quantify mediating effects. By showing that only a small
part of the cognitive gap is explained by mediating factors, our results leave open the possibility that direct mech-
anisms, such as disturbed gut microbiota, may be important. However, we cannot rule-out the possibility that
at least some of the residual effect is due to measurement error, for example, under-reporting of the presence of
health conditions by the primary care giver, or that the mediating effects are biased by unobserved confounding.

Evidence presented in this study should motivate more research. Because experimentation is unsuitable,
future studies may focus instead on instrumental variables estimation using large-scale linked hospital and child
development administrative records. The instrumental variables approach exploits natural experiments, that is,
random events that lead to variation in assignment to treatment without directly affecting outcomes. A limitation
of this method is that the results only have a local treatment interpretation and cannot be generalized to those
unaffected by the random event that led to assignment.

With the above caveats in mind, the key message to medical practitioners is to take a precautionary approach
when formulating birth plans, especially when there are no apparent elevated health risks from vaginal birth.
Informing mothers of the risks and benefits of cesarean birth should be a priority, which may be formalized by
incorporating education sessions into practitioner guidelines.

References

1. Gibbons, L. et al. The global numbers and costs of additionally needed and unnecessary caesarean sections performed per year:
overuse as a barrier to universal coverage. World Health Report 30, 1-31 (2010).

2. OECD. Health at a glance. Paris, (OECD 2011).

3. Bailit, J. L., Love, T. E. & Mercer, B. Rising cesarean rates: are patients sicker? American Journal of Obstetrics and Gynecology 191,
800-803 (2004).

4. Einarsdottir, K. et al. Increase in caesarean deliveries after the Australian private health insurance incentive policy reforms. PLOS
One 7, €41436 (2012).

5. O’Leary, C. et al. Trends in mode of delivery during 1984-2003: can they be explained by pregnancy and delivery complications?
BJOG: An International Journal of Obstetrics & Gynaecology 114, 855-864 (2007).

6. Stavrou, E. P, Ford, J. B., Shand, A. W,, Morris, ]. M. & Roberts, C. L. Epidemiology and trends for caesarean section births in New
South Wales, Australia: a population-based study. BMC pregnancy and childbirth 11, 1-7 (2011).

7. Habiba, M. et al. Caesarean section on request: a comparison of obstetricians attitudes in eight european countries. BJOG: an
International Journal of Obstetrics & Gynaecology 113, 647-656 (2006).

8. Halla, M., Mayr, H., Pruckner, G. & Garcia-Gémez, P. Cutting fertility? The effect of cesarean deliveries on subsequent fertility and
maternal labor supply, Institute for the Study of Labor discussion paper no. 9905, Bonn, (Institute for the Study of Labor 2016).

9. Cardwell, C. et al. Caesarean section is associated with an increased risk of childhood-onset type 1 diabetes mellitus: a meta-analysis
of observational studies. Diabetologia 51, 726-735 (2008).

10. Cho, C. E. & Norman, M. Cesarean section and development of the immune system in the off- spring. American Journal of Obstetrics
and Gynecology 208, 249-254 (2013).

11. Thavagnanam, S., Fleming, J., Bromley, A., Shields, M. & Cardwell, C. A meta-analysis of the association between caesarean section
and childhood asthma. Clinical & Experimental Allergy 38, 629-633 (2008).

12. Li, H,, Zhou, Y. & Liu, J. The impact of cesarean section on offspring overweight and obesity: a systematic review and meta-analysis.
International Journal of Obesity 37, 893-899 (2013).

13. Taras, H. & Potts-Datema, W. Chronic health conditions and student performance at school. Journal of School Health 75, 255-266
(2005).

14. Taras, H. & Potts-Datema, W. Obesity and student performance at school. Journal of School Health 75,291-295 (2005).

15. Liu, S. et al. Risk of maternal postpartum readmission associated with mode of delivery. Obstetrics & Gynecology 105, 836842
(2005).

16. Kelly, Y., Sacker, A., Del Bono, E., Francesconi, M. & Marmot, M. What role for the home learning environment and parenting in
reducing the socioeconomic gradient in child development? Findings from the Millennium Cohort Study. Archives of Disease in
Childhood 96, 832-837 (2011).

17. Kramer, M. et al. Breastfeeding and child cognitive development: new evidence from a large randomized trial. Archives of General
Psychiatry 65, 578-584 (2008).

18. Oddy, W. et al. Breast feeding and cognitive development in childhood: a prospective birth cohort study. Paediatric and Perinatal
Epidemiology 17, 81-90 (2003).

19. Zanardo, V. et al. Elective cesarean delivery: does it have a negative effect on breastfeeding? Birth 37, 275-279 (2010).

20. Béckhed, F. et al. Dynamics and stabilization of the human gut microbiome during the first year of life. Cell Host ¢& Microbe 17,
690-703 (2015).

21. Dominguez-Bello, M. et al. Delivery mode shapes the acquisition and structure of the initial microbiota across multiple body
habitats in newborns. Proceedings of the Academy of Sciences 107, 11971-11975 (2010).

22. Jakobsson, H. et al. Decreased gut microbiota diversity, de-layed bacteroidetes colonisation and reduced th1 responses in infants
delivered by caesarean section. Gut 63, 559-566 (2014).

23. Penders, J. et al. Factors influencing the composition of the intestinal microbiota in early infancy. Pediatrics 118, 511-521 (2006).

24. Salminen, S., Gibson, G., McCartney, A. & Isolauri, E. Influence of mode of delivery on gut microbiota composition in seven year
old children. Gut 53, 1388-1389 (2004).

25. Cryan, J. E & Dinan, T. G. Mind-altering microorganisms: the impact of the gut microbiota on brain and behavior. Nature Reviews
Neuroscience 13,701-712 (2012).

26. Galland, L. The gut microbiome and the brain. Journal of Medicinal Food 17, 1261-1272 (2014).

SCIENTIFICREPORTS |7: 11483 | DOI:10.1038/s41598-017-10831-y 8



www.nature.com/scientificreports/

27. Curran, E. A. et al. Research review: birth by caesarean section and development of autism spectrum disorder and attention-
deficit/hyperactivity disorder: a systematic review and meta-analysis. Journal of Child Psychology and Psychiatry 56, 500-508
(2015).

28. Gareau, M. et al. Bacterial infection causes stress-induced memory dysfunction in mice. Gut 60, 307-17 (2010).

29. Diamond, B., Huerta, P, Tracey, K. & Volpe, B. It takes guts to grow a brain. Bioessays 33, 588-591 (2011).

30. Neufeld, K., Kang, N. & Bienenstock, J. Foster Reduced anxiety like behavior and central neurochemical change in germ-free mice.
Neurogastroenterology & Motility 23, 255-e119 (2011).

31. Bentley, J. et al. Planned birth before 39 weeks: A population-based study. Pediatrics 138, 1-9 (2016).

32. Oster, E. Unobservable selection and coefficient stability: theory and evidence, Booth School of Business working paper, Chicago,
(University of Chicago 2014).

33. Fiorini, M. & Keane, M. How the allocation of children’s time affects cognitive and noncognitive development. Journal of Labor
Economics 32, 787-836 (2014).

34. Bradbury, B., Corak M., Waldfogel, J. & Washbrook, E. Too many children left behind: The US achievement gap in comparative
perspective, New York, (Russell Sage Foundation 2015).

35. Laws, P. & Sullivan. E. Australia’s mothers and babies 2003. Canberra, (Australian Institute of Health and Welfare 2005).

36. Laws, P. Grayson, N. & Sullivan. E. Australia’s mothers and babies 2004. Canberra, (Australian Institute of Health and Welfare
2006).

37. United Nations (2016). UNdata, United Nations Statistical Division of the Department of Economic and Social Affairs, http://data.
un.org/ (accessed December 2016).

38. Dunn, L. & Dunn, D. Picture Vocabulary Test (PPVT): Peabody picture vocabulary test: PPVT. 4" ed. New Jersey, (Pearson 2015).

39. De Lemos, M. & Doig, B. Who Am I?: Developmental Assessment. Melbourne, Australian Council for Educational Research (ACER
1999).

40. Wechsler, D. Wechsler intelligence scale for children. New York, (Psychological Corporation 1949).

41. Baraldi, A. N. & Enders, C. K. An introduction to modern missing data analyses. Journal of school psychology 48, 5-37 (2010).

42. Yang, 1. et al. The infant gut microbiome: Implications for infant health and neurocognitive development. Nursing Research 65,
76-88 (2016).

43. MacKinnon, D., Fairchild, A. & Fritz, M. Mediation analysis. Annual Review of Psychology 58, 593-614 (2007).

44. Rosenbaum, P. R. Observational studies (2 ed.) New York, (Springer 2002).

45. Altonji, J. G., Elder, T. E. & Taber, C. R. An evaluation of instrumental variable strategies for estimating the effects of catholic
schooling. Journal of Human Resources 40, 791-821 (2005).

46. Nghiema, H. S., Nguyen, H. T., Khanam, R. & Connelly, L. Does school type affect cognitive and non-cognitive development in
children? Evidence from Australian primary schools. Labour Economics 33, 55-65 (2015).

47. Hanushek, E. A., Schwerdt, G. Woessmann, L. and Zhang, L. General education, vocational education, and labor-market outcomes
over the life-cycle, Journal of Human Resources. Advance online publication. http://hanushek.stanford.edu/sites/default/files/
publications/hswz%20vocational%20final.pdf (2016).

48. Espel, E., Glynn, L., Sandman, C. & Davis, E. Longer gestation among children born full term influences cognitive development and
motor development. PLoS One 9, 1-13 (2014).

49. Richards, M., Hardy, R., Kuh, D. & Wadsworth, M. Birth Weight And Cognitive Function In The British 1946 Birth Cohort:
Longitudinal Population Based Study. BMJ: British Medical Journal 322, 199-203 (2001).

50. Rivkin, S. G. & Hanushek, E. A. & Kain. J. E. Teachers, schools, and academic achievement. Econometrica 73, 417-458 (2005).

51. Khunpradit, S., Patumanond, J. & Tawichasri, C. Risk indicators for cesarean section due to cephalopelvic disproportion in Lamphun
hospital. Journal-Medical Association of Thailand 88, S63-S68 (2005).

52. Sundet, J. M., Tambs, K., Harris, J. R., Magnus, P. & Torjussen, T. M. Resolving the genetic and environmental sources of the
correlation between height and intelligence: A study of nearly 2600 Norwegian male twin pairs. Twin Research and Human Genetics
8,307-311 (2005).

Acknowledgements

This research was supported by the Australian Research Council (ARC) Centre of Excellence for Children and
Families over the Life Course (project number CE140100027). The Centre is administered by the Institute for
Social Science Research at The University of Queensland, with nodes at The University of Western Australia,
The University of Melbourne and The University of Sydney. This study uses data from the Longitudinal Survey
of Australian Children (LSAC), a nationally representative longitudinal cohort survey conducted jointly by the
Department of Social Services (DSS), the Australian Institute of Family Studies (AIFS) and the Australian Bureau
of Statistics (ABS). Ethics approval for the data collection was obtained from the AIFS Ethics Committee by
the above listed government agencies. No ethics approval was required to use the data for the purposes of this
study because the data contains no identifying information. The data is available upon request from AIFS (http://
growingupinaustralia.gov.au/). The findings and views reported in this paper are those of the authors and should
not be attributed to the ARC, DSS, AIFS or the ABS. The paper benefited from the helpful comments of: Kirsten
Hancock, Tony Hannan, Bobbi Wolfe, Chris Ryan, Nicolas Salamanca, Yi-Ping Tseng, Kevin Schnepel, Dan
Christensen and the attendees of the Melbourne Institute Brown-bag seminar. All opinions and any mistakes are
our own. We would also like to thank two anonymous reviewers for their helpful comments.

Author Contributions

C.P. conducted the literature review, contributed to the study design, assisted with the econometric analysis and
drafted the paper. A.Z. undertook all of the econometric analysis, contributed to the study design and assisted in
the drafting of the paper. J.C.B. provided guidance on possible physiological mechanisms through which cesarean
birth may affect cognitive development and assisted in the drafting of the paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10831-y

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS |7: 11483 | DOI:10.1038/s41598-017-10831-y 9


http://data.un.org/
http://data.un.org/
http://hanushek.stanford.edu/sites/default/files/publications/hswz%2520vocational%2520final.pdf
http://hanushek.stanford.edu/sites/default/files/publications/hswz%2520vocational%2520final.pdf
http://growingupinaustralia.gov.au/
http://growingupinaustralia.gov.au/
http://dx.doi.org/10.1038/s41598-017-10831-y

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 11483 | DOI:10.1038/s41598-017-10831-y 10


http://creativecommons.org/licenses/by/4.0/

	The relation between cesarean birth and child cognitive development

	Methods

	Data. 
	Data availability. 
	Outcomes. 
	Measures of cognitive development. 
	Mediators. 

	Controls. 
	Statistical method. 
	Sensitivity to unobserved perinatal confounders. 


	Results

	Sensitivity test results. 

	Discussion

	Acknowledgements

	Table 1 Sample mean values for main control variables in LSAC B cohort.
	Table 2 OLS regression estimates and Oster lower-bound estimates of the relations between cesarean birth and child cognitive (standard deviations).
	Table 3 Mediating effects of breastfeeding and adverse child and maternal health outcomes on cognitive development.




